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The natural environment of plants is composed of a complex set of abiotic stresses and
their ability to respond to these stresses is highly flexible and finely balanced through the
interaction between signaling molecules. In this review, we highlight the integrated action
between reactive oxygen species (ROS) and reactive nitrogen species (RNS), particularly
nitric oxide (NO), involved in the acclimation to different abiotic stresses. Under stressful
conditions, the biosynthesis transport and the metabolism of ROS and NO influence
plant response mechanisms. The enzymes involved in ROS and NO synthesis and
scavenging can be found in different cells compartments and their temporal and
spatial locations are determinant for signaling mechanisms. Both ROS and NO are
involved in long distances signaling (ROS wave and GSNO transport), promoting an
acquired systemic acclimation to abiotic stresses. The mechanisms of abiotic stresses
response triggered by ROS and NO involve some general steps, as the enhancement
of antioxidant systems, but also stress-specific mechanisms, according to the stress
type (drought, hypoxia, heavy metals, etc.), and demand the interaction with other
signaling molecules, such as MAPK, plant hormones, and calcium. The transduction of
ROS and NO bioactivity involves post-translational modifications of proteins, particularly
S-glutathionylation for ROS, and S-nitrosylation for NO. These changes may alter the
activity, stability, and interaction with other molecules or subcellular location of proteins,
changing the entire cell dynamics and contributing to the maintenance of homeostasis.
However, despite the recent advances about the roles of ROS and NO in signaling
cascades, many challenges remain, and future studies focusing on the signaling of these
molecules in planta are still necessary.
Keywords: crosstalk, signaling, systemic acquired acclimation, S-nitrosylation, S-glutathionylation, gene
expression
INTRODUCTION
A typical plant cell has more than 30,000 genes and a large number of proteins, many of which
are still unknown, and these proteins may have their activity and/or function altered by several
types of post-translational modifications (Cramer et al., 2011). Therefore, at the cellular level, plant
responses to the environment are extremely complex and involve interactions and crosstalk with
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many molecular pathways. One of the first plant responses to the
environment involves reactive oxygen species (ROS) and reactive
nitrogen species (RNS), which are key signaling molecules and
regulate many different plant processes through the activation of
secondary messengers, the induction of gene transcription and
changes in enzyme activity (Gaupels et al., 2011; Mengel et al.,
2013; Lamotte et al., 2015).
Reactive oxygen species is a generic term used to describe
chemical species formed from the incomplete reduction of
molecular oxygen. The best-known ROS include superoxide
anion (O•−2 ), hydrogen peroxide (H2O2) and the hydroxyl radical
(OH−; Table 1). ROS have distinct biological properties, a short
half-life and high chemical reactivity (OH− has indiscriminate
reactivity to biological molecules, while O•−2 and H2O2 have
preferred biological targets; del Río, 2015). Similarly, RNS is
a term used to collectively refer to nitric oxide (NO) and
the molecules derived from this radical (Table 1) (Patel et al.,
1999; Rahman et al., 2012). NO is a gaseous, small, reactive
molecule that readily diffuses across the cells and interacts
with different cellular compounds, including other radicals
(Correa-Aragunde et al., 2015). Due to their high reactivity
and potential to damage cellular structures under conditions
of redox imbalance, the generation of ROS and RNS in
cells was originally considered to be a uniquely harmful and
damaging process (Demidchik, 2015; Lushchak, 2015). Currently,
however, it is known that these molecules are important
components of signaling networks in various plant processes,
which is possible due to the development of effective antioxidant
systems that are capable, in most cases, of containing the
toxicity of ROS and RNS, allowing these molecules to act
as efficient signal transducers (del Río et al., 2006; del Río,
2015).
Nitric oxide and ROS are involved in and interact with
each other in a wide range of cellular processes, which include
response to abiotic stresses (Joudoi et al., 2013), defense
against pathogens (Asai et al., 2008) and normal growth and
development processes, such as germination and flowering (El-
Maarouf-Bouteau and Bailly, 2008). It is easy to see, therefore,
TABLE 1 | Main reactive oxygen species (ROS) and reactive nitrogen
species (RNS) found in plant cells (adapted from Rahman et al., 2012).
Free radicals Non-radicals
Reactive oxygen species
Superoxide, O•−2 Hydrogen peroxide, H2O2
Alkoxyl, RO• Hypochlorous acid, HOCl
Hydroxyl, OH− Ozone, O3
Peroxyl, ROO• Peroxynitrite, ONOO−
Hydroperoxyl, HO2• Singlet oxygen, 1O2
Reactive nitrogen species
Nitric oxide, NO• Nitrous acid, HNO2
Nitric dioxide, NO2• Nitrosonium cation, NO+
Nitrate radical, NO3• Nitrosyl anion, NO−
Peroxynitrite, ONOO−
Alkylperoxynitrites: ROONO
Dinitrogen trioxide, N2O3
that the changes triggered by these signaling molecules are
highly variable according to the environmental context. Due
to the high complexity of this process, there is still much
that is unclear about the signaling mechanisms triggered by
ROS and NO, the interaction of these molecules with each
other and with other components of the signaling pathway,
and the balance between production and elimination of reactive
species by antioxidants. A growing number of studies have
sought to answer these questions, and many advances have
been made in the field. Thus, considering the central role
of these molecules in the response and adaptation of plants
to changes in the environment, the present review aims to
summarize the existing knowledge of the interactions between
ROS and NO in the plant response to abiotic stress, focusing
on the sources and production sites of these molecules,
interactions with other signaling components and molecular
aspects.
BIOSYNTHESIS, TRANSPORT, AND
METABOLISM OF ROS AND NO
During cell signaling in response to stress, the redox state
of the plant cells is rapidly altered by both the increase in
ROS and NO and the inactivation of antioxidant enzymes (del
Río, 2015). As a result, the concentration of these reactive
species is suddenly elevated, which is necessary to trigger
specific cellular responses. These responses include defense
mechanisms to abiotic stresses, such as increased concentration
and activity of antioxidant systems (Shi et al., 2014) or
programmed cell death, which is important to eliminate cells
that have been severely damaged (Yun et al., 2011). The
enzymes involved in the synthesis of ROS and NO can be
found in different cellular compartments (Figure 1), and their
temporal and spatial localization is critical for signaling (Groß
et al., 2013). Indeed, ROS and NO have unique roles based
on their compartment of origin, which is probably due to
interactions with local molecules in each organelle (Møller and
Sweetlove, 2010; Shapiguzov et al., 2012; Mur et al., 2013).
It has been observed, for example, that the transcriptional
changes mediated by H2O2 produced in the apoplasts are
distinct from the gene expression responses triggered by H2O2
produced in the chloroplasts (Gadjev et al., 2006; Sierla
et al., 2013). Similarly, the NO generated from the plasma
membrane is important in hypoxic conditions, whereas the
NO generated from the chloroplasts and mitochondria is
involved in the response to heavy metals (Kumar and Trivedi,
2016).
The plasma membrane is the main site of ROS production
due to activity from proteins belonging to the NADPH
oxidase family (respiratory burst oxidase homolog, RBOH).
NADPH oxidases are integral membrane proteins that promote
the transfer of cytoplasmic NADPH electrons to extracellular
oxygen, forming O•−2 and promoting ROS accumulation in
the apoplast (Das and Roychoudhury, 2014). Several studies
have shown that stressful conditions stimulate the expression
and activity of NADPH oxidases, leading to an oxidative burst
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FIGURE 1 | Main sources of nitric oxide (NO) and reactive oxygen species (ROS) in plant cells (adapted from Groß et al., 2013).
(Jajic et al., 2015; Wang X. et al., 2015). Other oxidases and
peroxidases associated with the cell wall are also involved
in the generation of ROS in the apoplast, although their
involvement in the response to stressors is not well defined
(Das and Roychoudhury, 2014). In addition to promoting
specific signaling events, which involve interactions with local
signals, the RBOH-mediated oxidative burst of ROS production
triggers the production of ROS in neighboring cells, initiating
a long distance signaling event called a ROS wave. Each
cell along the ROS wave activates their own RBOH proteins,
generating a systemic wave of propagation of ROS production,
which travels through the apoplast from the initial tissue to
whole plants at rates of up to 8.4 cm min−1, promoting
systemic acquired acclimation (SAA; Mittler and Blumwald,
2015). SAA enables all plant cells, not just those who first
perceived the external stimulus, to alter their gene expression
and metabolism in response to the stressor. Although the
ROS wave is necessary for SAA, the response elicited is
not always specific to the stress that initiated the signaling
process, suggesting that the main function of the ROS wave
is to prepare the plant for SAA and that other signals
are required to mediate stress-specific SAA (Gilroy et al.,
2014).
In addition to the apoplast, various cellular organelles, such
as chloroplasts and mitochondria, also generate ROS. In fact,
when illuminated, chloroplasts are important sources of ROS
due to the intense electron transport during photosynthesis and
the release of oxygen in PSII (Gupta and Igamberdiev, 2015).
In mitochondria, ROS production occurs when the transfer of
electrons exceeds the capacity of the alternative oxidase and the
cytochrome oxidase to eliminate excess electrons, resulting in
their transfer to molecular oxygen, mainly from complexes I
and III. Another organelle involved in ROS synthesis in stressful
conditions is the peroxisome. Peroxisomes generate O•−2 and
H2O2 as a result of their metabolic activity, which involves
processes such as photorespiration, the glyoxylate cycle, and
β-oxidation (Tripathy and Oelmüller, 2012). These different
pools of ROS, produced in distinct compartments, communicate
with each other in the cells to regulate the plant metabolism. It is
believed, for example, that the signal generated by the oxidative
burst in the apoplast is transduced to chloroplasts, where a second
wave of ROS generation is initiated (Shapiguzov et al., 2012).
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This signal transduction probably involves cytosolic components
as well as the transport of ROS through the lipid bilayer (the
O2− produced in the apoplast can be converted to H2O2, which
enters the cell through the aquaporins) or signal detection by
apoplastic proteins and membrane receptors (de Dios Barajas-
López et al., 2013). ROS generated in the chloroplasts, in turn,
are involved in the retrograde signal from the chloroplast to the
nucleus and influence the expression of many defense genes, in
addition to inhibiting the transcription of genes associated with
photosynthesis (de Dios Barajas-López et al., 2013). This has also
been observed in other organelles, such as peroxisomes, where
ROS accumulation can alter gene transcription (Sandalio and
Romero-Puertas, 2015).
The maintenance of ROS levels also involves the participation
of antioxidant mechanisms, which are associated with the
elimination of these reactive species and can be divided into
enzymatic and non-enzymatic mechanisms. Among enzymatic
antioxidants, superoxide dismutase (SOD) is especially important
because it catalyzes the removal of O•−2 , the first ROS formed
after exposure to various stressors. Other antioxidant enzymes
include ascorbate peroxidase (APX), glutathione peroxidase
(GPX), and catalase (CAT), which convert H2O2 to water (Lázaro
et al., 2013). In combination with these enzymes, non-enzymatic
antioxidants, such as glutathione, ascorbate, and tocopherol,
also play a crucial role in maintaining ROS levels by acting
as redox buffers in plant cells. Although the synthesis of these
antioxidant molecules may, at first, be inhibited to allow the
occurrence of the oxidative burst (del Río, 2015), once the
signal is initiated, these mechanisms are activated and function
cooperatively (Viehweger, 2014).
In contrast to ROS, the mechanisms of NO synthesis in
plant cells are not yet fully understood, constituting one of
the major challenges to studies investigating this signaling
molecule. However, several biosynthetic pathways for NO have
been proposed (Figure 1), which can be divided into reductive
pathways, including the action of xanthine oxidoreductase in
the peroxisomes (Millar et al., 1998) and nitrite:NO reductase
attached to the membrane (Stöhr et al., 2001); and oxidative
pathways, such as the pathways mediated by hydroxylamines
(Rümer et al., 2009) and polyamines (Filippou et al., 2013).
Apparently, the action of nitrate reductase (NR), a cytosolic
enzyme essential for the assimilation of nitrogen, also represents
an important source of NO for plants (Horchani et al., 2011).
It has been suggested that NR is involved in the production
of NO during a variety of physiological processes, such as
bacterial defense (Modolo et al., 2005; Mur et al., 2013), hypoxia
(Igamberdiev and Hill, 2004), cold (Zhao et al., 2009), drought
(Freschi et al., 2010), and various aspects of development, such
as floral transition and the formation of lateral roots (Seligman
et al., 2008; Mur et al., 2013). However, under normal growth
conditions, NR preferentially reduces nitrate to nitrite, and NR
is only able to generate significant amounts of NO under certain
conditions, such as anaerobic conditions or high concentrations
of nitrite (Gupta et al., 2011; Mur et al., 2013). There have been
numerous reports of an arginine-dependent nitric oxide synthase
(NOS) in extracts of different plant species (Jasid et al., 2006;
Zhao et al., 2007; Gas et al., 2009; del Río, 2011), but its presence
in plants has not been unequivocally demonstrated (Domingos
et al., 2015; Gupta and Igamberdiev, 2015).
In addition to biosynthetic processes, another crucial
factor in NO concentration in the cell is the formation
of S-nitrosothiols, particularly S-nitrosoglutathione (GSNO),
relatively stable molecules in solution that may act as reservoirs
of NO (Leterrier et al., 2011). GSNO is formed by S-nitrosylation
of glutathione (GSH) by NO and can be transported in the
phloem, thus contributing to the transport of this signaling
molecule over long distances, which plays an important role in
SAA (Arasimowicz-Jelonek et al., 2014). GSNO also regulates
the NO concentration in the cell via inhibition of the nitrogen
assimilation pathways (Fungillo et al., 2014). GSNO turnover is
controlled by GSNO reductase (GSNOR), which catalyzes the
deamination of GSNO into glutathione disulfide (GSSG) and
NH3. Thus, GSNOR regulates the cellular levels of GSNO and is
important in maintaining homeostasis of NO, which is essential
for transient cell signaling (Malik et al., 2011). The levels and
activity of GSNOR are modulated in conditions of stress and are
determined, among other factors, by the balance between ROS
and NO (Cheng et al., 2015; Wang D. et al., 2015; Yang et al.,
2015).
Degradation of NO is as important as synthesis and
transport in determining the final concentration of this signal
molecule in plant cells. Recently, Sanz-Luque et al. (2015)
demonstrated that the green alga Chlamydomonas reinhardtii
has a specific mechanism for the elimination of NO, which
involves truncated hemoglobin THB1. The authors verified
that THB1 has NO dioxygenase activity (produces NO3− from
NO and O2) and maintains in its active form through a
mechanism that removes electrons from NR and alters its activity.
Another class of hemoglobins, the non-symbiotic hemoglobins
(nsHb), particularly those belonging to the GLB1 class, have
also been reported to have NO dioxygenase activity and to
promote the degradation of NO in certain circumstances, such
as hypoxia (Perazzolli et al., 2004). The reduction in GLB1
expression, moreover, allows NO concentration to increase,
triggering defense responses against stress (Mur et al., 2012). The
interaction between NO and O•−2 , which generates peroxynitrite
(ONOO−), is also regarded as a mechanism of NO elimination
and involves the modulation of mitochondrial activity (Wullf
et al., 2009).
The biosynthesis and degradation of ROS and NO influence
each other. ROS are well-known inducers of NO synthesis
in various plant species exposed to abiotic stress, although
the signaling involved in this process is still not completely
understood. NO, in turn, limits the accumulation of ROS by
inhibition of NADPH oxidases, as well as by promoting changes
in the antioxidant systems, suggesting the existence of complex
feedback regulation of both signaling molecules (Groß et al.,
2013). In fact, the activation of antioxidant mechanisms to
maintain ROS homeostasis often involves the participation of
NO (Farnese et al., 2013; Shi et al., 2014; Silveira et al., 2015). It
has been shown that the addition of NO increased the activity
of SOD up to 110% in sorghum plants exposed to arsenic
(Saxena and Shekhawat, 2013), in addition to the increase in
CAT and APX and the activation of the ascorbate-glutathione
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cycle (Hasanuzzaman and Fujita, 2013; Shi et al., 2014; Cheng
et al., 2015). Some studies, however, have suggested that NO can
inhibit the antioxidant capacity of the cell (Marti et al., 2013).
These seemingly contradictory results may be due to the dose-
dependent effects of NO on cellular redox status. According
to this hypothesis, low concentrations of NO stimulate the
antioxidant system and promote adaptation to stress conditions,
while high concentrations of NO trigger severe cell damage and
even cell death (Thomas et al., 2008; Groß et al., 2013).
MOLECULAR BASES OF ROS AND NO
ACTION
The mode of action of ROS and NO at the molecular level
was and still is the subject of many studies, both in plants and
other organisms, such as mammals and bacteria (Green et al.,
2014; Lamotte et al., 2015; Morales et al., 2015). The available
data indicate that the effects of NO, as well as certain species
derived from this molecule, depend on chemical changes in
proteins, which can occur by three different mechanisms: metal
nitrosylation, tyrosine nitration, and S-nitrosylation (Lamotte
et al., 2015). Metal nitrosylation consists of NO binding to
transition metals in metalloproteins. Soluble guanylate cyclase
is an example of an enzyme that is modulated by this type of
post-translational modification. Tyrosine nitration is the addition
of a nitro group to tyrosine residues. Tyrosine nitration is
carried out mainly by peroxynitrite (ONOO−), the product of
the reaction between NO and O•−2 . Although tyrosine nitration
was originally considered indicative of stress, recent evidence
suggests its involvement in cell signaling (Mengel et al., 2013).
Finally, S-nitrosylation, which consists of NO binding to cysteine
residues in target proteins, is apparently the principal mechanism
for the transduction of the NO bioactivity. S-nitrosylation can
also occur via trans-nitrosylation, that is, by the transfer of
NO from an S-nitrosylated residue to another thiol group
through the action of low-molecular weight nitrosothiols, such
as GSNO (Lamotte et al., 2015). Regardless of the mechanism
involved, S-nitrosylation is a post-translational modification that
can alter the activity, stability, conformation, interactions with
other molecules or subcellular localization of the target protein,
regulating a wide range of cellular functions and signaling events
(Sevilla et al., 2015).
S-nitrosylation is an important process in plant responses to
abiotic stress. Exposure to salt stress, for example, results in the
S-nitrosylation of enzymes involved in different physiological
processes, such as respiration, photorespiration, and antioxidant
pathways (Camejo et al., 2013), while in plants exposed to
low temperatures, the enzymes involved in carbon metabolism
were the main group of S-nitrosylated proteins (Puyaubert
et al., 2014). S-nitrosylation of proteins that participate in
central processes in the plant cell presumably contributes to
the metabolic reprogramming required to maintain homeostasis
under stress conditions. In addition to changes in cellular enzyme
dynamics, S-nitrosylation may also trigger changes in gene
expression as a result of S-nitrosylation of transcription factors,
affecting their affinity for DNA or their location. Recently, it
was demonstrated that S-nitrosylation is a negative regulator of
transcription factors from the MYB family (regulator of tolerance
to biotic and abiotic stresses), which may be important for the
inactivation of this regulatory protein after the initial response
of plants to stress (Tavares et al., 2014). Several S-nitrosylated
nuclear proteins have also been identified, including histone
deacetylases, which highlights the regulatory role of NO in events
located in the nucleus (Chaki et al., 2015). Histone deacetylases
are responsible for the removal of acetyl groups on histones,
promoting the chromatin condensation, which makes the genes
less accessible to the transcriptional machinery (Mengel et al.,
2013). In mammalian cells, S-nitrosylated histone deacetylases
become detached from the chromatin, increasing acetylation and
gene expression (Nott et al., 2008). Thus, the S-nitrosylation of
deacetylases suggests that NO participates in the regulation of
epigenetic processes in plants (Floryszak-Wieczorek et al., 2012;
Chaki et al., 2015).
The S-nitrosylation state of any protein is determined by
the balance between nitrosylation and denitrosylation reactions.
In fact, denitrosylation, which involves the removal of NO
from cysteine residues, is essential for the reversibility of
S-nitrosylation and influences the enzyme activity, protein–
protein interactions and many other aspects of signaling (Sevilla
et al., 2015). Although this process has been more extensively
studied in mammals, recent evidence has shown that it occurs
in plant cells (Kneeshaw et al., 2014; Benhar, 2015). Among
the molecules which may be involved in the denitrosylation
process, the GSNO/GSNOR (discussed earlier in this review)
and the thioredoxin/thioredoxin reductase (Trx/TR) systems are
essential for the maintenance of homeostasis of nitrosothiols in
plants (Lamotte et al., 2015). In the Trx/TR system, Trx reduces
nitrosothiols through its dithiol moiety, generating free thiol
groups and oxidized Trx. Regeneration of Trx occurs through the
action of TR and NADPH (Benhar, 2015). Thus, the control of
the redox status of thiol groups depends on their interaction with
NO and with the denitrosylation systems, which influences the
intensity and duration of the signaling events (Benhar, 2015).
As observed for NO, ROS also transmit signals via post-
translational modifications in proteins and, once more, cysteine
residues are the main targets. However, while NO promotes
S-nitrosylation, ROS can trigger a diverse range of oxidative post-
translational modifications (Ox-PTM), reversible or irreversible,
including S-glutathionylation, disulfide bond formation, and
sulfhydration (Akter et al., 2015). A single protein can undergo
different types of Ox-PTMs, and there is evidence that each Ox-
PTM may have a distinct biological role (Couturier et al., 2013).
The first step in ROS-dependent signaling involves the reverse
oxidation of a cysteine residue, forming sulfenic acid (R-SOH).
This modification is highly unstable and will lead to subsequent
changes; the major ones are the reaction with free protein thiols to
form disulfide bonds or the covalent attachment of low-molecular
weight thiols, such as GSH, promoting S-glutathionylation, a
process that is important in signaling and protein protection
against superoxide. The reduction of disulfide bonds and
deglutathionylation interrupt the signal that initiated with the
Ox-PTMs and are controlled by glutaredoxins and thioredoxin,
respectively (Waszczak et al., 2014, 2015).
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The Ox-PTMs, particularly S-glutathionylation, play a central
role in the response to abiotic stresses and can modulate
numerous cellular processes affecting proteins, transcription
factors, and chromatin structure. These mechanisms, however,
have mostly been studied in animals and bacteria, and many
aspects of the Ox-PTM-mediated responses are unknown in
plants (Zagorchev et al., 2013). One example of Ox-PTMs
mediating changes in cellular dynamics is the transcription
factor ERFVII (ethylene-responsive group factor VII), which is
important in altering gene expression under hypoxic conditions.
ERFVII is bound to the plasma membrane and is only released in
low-oxygen conditions. Its translocation to the nucleus activates
the expression of hypoxia-responsive genes. In the presence
of oxygen, however, ERFVII cysteine residues are oxidized
to sulfenic acid, conjugated with arginine and directed to
degradation, down-regulating the expression of genes that are no
longer needed (Dietz, 2014). The Ox-PTMs can also be positive
regulators of gene transcription, as in the case of transcription
factors of heat shock proteins (HSF), whose oxidation by H2O2
induces translocation from the cytosol to the nucleus (Habibi,
2014). Despite the growing number of studies, however, there is
still little information about the effects of S-nitrosylation and Ox-
PTMs on gene expression and the consequences of these changes
on plant metabolism in stress conditions. Thus, the molecular
mechanisms involved in cell signaling mediated by ROS and NO
are still far from being fully understood.
CROSSTALK BETWEEN ROS AND NO IN
THE RESPONSE TO ABIOTIC STRESS
Heavy Metals
Traditionally, heavy metals are considered those chemicals that
have a density higher than 5 g cm−3 or an atomic number higher
than 20. In plant physiology, however, the term heavy metal has
been used generically to refer to any metal or metalloid that is
toxic to plants, even when present at low concentrations (Singh
et al., 2011; Oz et al., 2015). Although some of the members
of this group are necessary for growth and development, others
have no known function in plant cells and, regardless of their
physiological role, the accumulation of metals usually results
in severe cell damage, which can lead to the death of the
plant (Besson-Bard et al., 2009). Heavy metals enter plant cells
by transporters present in the plasma membrane and may be
retained in the roots or transported to the shoots, according to
the cellular detoxification mechanisms in each species (Tangahu
et al., 2011). In general, the defense mechanisms of plants
to heavy metals can be divided into two groups, which may
occur simultaneously: (i) regulation of the concentration of free
metal in the cytosol through metal exclusion, metal binding to
the cell wall or compartmentalization in the vacuole; and (ii)
physiological, biochemical, and molecular changes that allow the
reprogramming of plant metabolism and the maintenance of
cellular homeostasis.
Recent studies have indicated that the interaction between NO
and ROS is essential for tolerance to heavy metals (Figure 2)
(Wang et al., 2014; Feigl et al., 2015; Silveira et al., 2015; Thao
et al., 2015). The exact signaling mechanisms involved in this
process, however, have not been clarified, and many questions
remain unanswered. Currently, it is known that increases in ROS
are one of the first cellular signals in response to excess heavy
metals. In fact, heavy metals can activate the production of ROS
in the apoplast, stimulating NADPH oxidases, and in organelles
such as chloroplasts and mitochondria (Chmielowska-Bak et al.,
2014). Heavy metals enhance the synthesis of NO by mechanisms
that vary according to the chemical characteristics of the metal.
Lead, for example, apparently increases the activity of cytosolic
NR (Yu et al., 2012), while increases in NO levels mediated by
cadmium are related to iron-induced deficiency (Besson-Bard
et al., 2009). Interestingly, some metalloids, such as arsenic,
stimulate both the synthesis of NO and the activity of GSNOR,
and the balance between these two processes will determine the
final concentration of the signaling molecule (Leterrier et al.,
2012). In addition, the increase in NO may result from signaling
triggered by excessive ROS following exposure to metals (Yun
et al., 2011).
According to their concentrations, ROS and NO can cause
oxidative/nitrosative stress in cells or may act as signaling
molecules. At low concentrations, NO contributes to increased
tolerance of the plants to metals in various ways, for example,
by promoting metal binding to the cell wall, preventing
their entry into the cell (Singh et al., 2011) or promoting
their compartmentalization in the vacuole, either by increasing
phytochelatin synthesis (De Michele et al., 2009) or by altering the
activity of proton pumps in the vacuolar membrane to create an
electrochemical gradient that favors the absorption of metals (Cui
et al., 2010). In addition to these effects, NO can also reprogram
plant physiological processes and stimulate the synthesis and
activity of antioxidant systems, which is essential to limit the
oxidative stress induced by metals (Cheng et al., 2015; Andrade
et al., 2016). Finally, post-translational changes triggered by NO
can decrease the activity of enzymes involved in ROS metabolism,
such as glycolate oxidase and NADPH oxidase, allowing the cell
to re-establish redox homeostasis (Yun et al., 2011; Quiang et al.,
2012).
Drought
Water deficits are the main environmental factor limiting
the growth and productivity of plants worldwide. Indeed, the
damage triggered by drought may be greater than the damage
caused by other biotic and abiotic factors combined (Chaves
et al., 2009). Plants tolerant to drought usually have a strict
control of stomatal movements and a fine balance of cellular
metabolism, and both ROS and NO are important in these
processes (Figure 2) (Osakabe et al., 2014). Drought stress-
induced NO is found in a wide variety of plant species, including
vegetables, horticultural plants and epiphytes, suggesting the
universal requirement of NO during drought stress signaling
(Santisree et al., 2015). The metabolic pathways involved in this
process, however, are still unclear, although evidence suggests
the involvement of NR (Arasimowicz-Jelonek et al., 2009) and
xanthine oxidoreductase (Yu et al., 2014). The generation of
ROS during drought, on the other hand, is well known and
commonly involves changes in plant metabolic processes. For
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FIGURE 2 | Schematic representation showing the interplay between NO, ROS, and other signaling molecules in response to abiotic stress. The
signaling molecules include hormones, mitogen-activated protein kinases (MAPKs), cyclic guanosine monophosphate (cGMP), cyclic adenosine diphosphoribose
(cADPR) and calcium (Ca2+). Besides the interaction with components of signaling pathways, NO and ROS also transmit signals via post-translational modifications
in proteins [metal nitrosylation, tyrosine nitration, S-nitrosylation, and oxidative post-translational modifications (Ox-PTM)]. ROS degradation by antioxidants and NO
storage (GSNO, S-nitrosoglutathione) and degradation by GSNOR (GSNO reductase) and THB (truncated hemoglobin) are demonstrated. Arrows and T-bars
indicate activation and inhibition, respectively (adapted from Oz et al., 2015).
example, drought may reduce the activity of Rubisco (Parry
et al., 2002), which compromises the fixation of CO2 and the
regeneration of NADP+ via the Calvin cycle. This results in an
over-reduction of the electron transport chain in the chloroplasts
and, consequently, the leakage of electrons to O2, mainly by the
Mehler reaction and photorespiration, resulting in the generation
of ROS (Carvalho, 2008). In parallel with the physiological
changes, NADPH oxidases are also involved in the generation
of ROS in water stress conditions, as they are essential for the
activation of defense responses against drought (Wang X. et al.,
2015).
One of the first and most important physiological responses
induced by drought is the reduction of the stomata opening (Neill
et al., 2008). In water stress conditions, the complex dynamics
of stomatal movement are directly related to the concentration
of abscisic acid (ABA), ROS, and NO. In this process, ABA, an
important plant hormone traditionally associated with responses
to water stress, acts as an upstream regulator, inducing the
synthesis of NO. NO and ROS, in turn, act synergistically to
mediate stomatal closure through the formation of 8-nitro-cGMP
(Joudoi et al., 2013). ABA is also involved in several other plant
responses to water stress, for example, the induction of gene
expression and the synthesis of defense compounds, such as
proline. Increasing only ABA, however, is not sufficient to induce
the synthesis of these compounds, as observed after exogenous
application of ABA to Arabidopsis thaliana (Verslues and Bray,
2006), suggesting that factors other than ABA are required to
modulate the response to drought, possibly the cellular redox
status. Thus, the production of ROS and the subsequent change in
the redox state of the cell have been suggested as factors required
to initiate signal transduction mediated by ABA (Carvalho, 2008).
Similar to ABA and ROS, NO has been shown to alter gene
expression in response to water deficits. Transgenic Arabidopsis
lines that constitutively express rat neuronal NO synthase
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showed changes in gene expression relative to wild plants
when subjected to drought, with 184 genes up-regulated and
263 down-regulated. The main transcriptional changes were
observed in the genes involved in redox metabolism and sugar
metabolism and in transcription factors. These transcriptional
changes were accompanied by higher survival rates and high
biomass production, indicating a protective effect of NO (Shi
et al., 2014). Moreover, it has been reported that NO may
trigger epigenetic modifications, such as DNA methylation, in
response to water stress conditions. Indeed, it was observed that
the exogenous application of SNP (an NO donor) decreases the
overall methylation levels in Dendrobium huoshanense, leading to
increases in the activity of antioxidant enzymes (Fan et al., 2012).
Flooding
Climate projections for the next decades, besides pointing
out an increase in drought intensity and frequency for some
regions, also highlight a significant increase in rainfall for
others, especially those regions with tropical climate (Hirabayashi
et al., 2013). If these predictions are confirmed, productivity for
several crop areas and ecosystems can be significantly impacted
due to flooding events (Bailey-Serres and Voesenek, 2008).
Despite the fact that flooding has been studied to a lesser
extent than drought, in recent years, researches about molecular
mechanisms that promote flooding tolerance have progressed
rapidly (Voesenek and Bailey-Serres, 2015). In general, the
mechanisms that confer tolerance to such stress can be grouped
into two categories: “escape,” which involves anatomical and
morphological modifications that allow access of the submerged
cells to O2 and CO2, and “quiescence,” which promotes a
profound change in metabolism and growth of flooded plants
(Voesenek and Bailey-Serres, 2015).
Several evidences have suggested that plants can sense
the reduction of O2 availability caused by flooding through
different ways. Some of these mechanisms of perception may
involve changes in the dynamics of ROS and NO production
and consumption, because of mitochondrial electron transport
inhibition (Rhoads and Subbaiah, 2007). In fact, studies in
Arabidopsis thaliana showed that oxygen deprivation induces
ROS production in the complex III, which triggers a transient
activation of MAPK signaling cascade (Chang et al., 2012). In
addition, regulatory responses induced by ROS involve, at least in
part, the interaction with ethylene, an important plant hormone
involved in plant response to various stresses. Indeed, in rice
plants, ROS and ethylene were involved in the production of
adventitious root in stem nodes (Steffens et al., 2012).
The origins of NO in hypoxic conditions are not clearly
understood, although nitrite and ascorbate are apparently
involved in this process, as well as mitochondrial reactions (Wang
and Hargrove, 2013). NO generation in mitochondria is an
important process at low oxygen conditions. In this process, the
nitrite acts as an electron acceptor in complex IV, complex III and
in the alternative oxidase, keeping a limited production of ATP
when oxygen is not available and, thus, preventing the collapse
of cellular energy status (Gupta et al., 2011). The produced NO
diffuses into the cytosol, where it is converted to nitrate by
hemoglobin action. Class 1 hemoglobins are proteins capable
of binding to NO, and at low O2 concentrations catalyze its
conversion to nitrate, which can be converted to nitrite by NR
(Dordas, 2015). Nitrite, in turn, can be converted again to NO in
the mitochondria, closing the cycle (Gupta et al., 2011).
Salt Stress
Salinity is an ever-present threat to crop yields, especially in
places where irrigation is required. In fact, studies show that
approximately 20% of all cultivated areas in the world are
affected by this type of stress, and this percentage is likely
to increase due to inadequate irrigation practices (Muns and
Tester, 2008). Salt stress compromises the intracellular ion
homeostasis, which leads to membrane dysfunction, alteration
of metabolic activities, growth inhibition, and even cell death
(Zhang et al., 2006). Plants tolerant to salt stress have many
diverse strategies to tolerate high concentrations of solutes. The
principal mechanisms include, but are not limited to, (i) ion
homeostasis and compartmentalization, (ii) ion transport and
uptake, (iii) biosynthesis of osmoprotectants and compatible
solutes, (iv) activation of antioxidant enzymes and synthesis of
antioxidant compounds, and (v) synthesis of polyamines (Gupta
and Huang, 2014). All these events are triggered and integrated
into the plant cell through the action of signaling molecules,
especially ROS, NO, and plant hormones (Figure 2) (Filippou
et al., 2014).
Nitric oxide is essential for the tolerance of plants to high
salt concentrations. Examples of the role of NO in this process
can be observed in mutant plants of Arabidopsis (Atnoa1) which
show deficiency in NO synthesis and hypersensitivity to salt
stress (Zhao et al., 2007). Additionally, studies using NO donors
and inhibitors showed that the ability of NO to alleviate stress
was related to the change in the Na+/K+ ratio in the cytosol
due to the increase in H+-ATPase and H+-PPase activity in the
plasma and vacuolar membranes (Zhao et al., 2004; Zhang et al.,
2006; Wang et al., 2009). In addition, NO is also able to induce
the expression of defense genes against stress and significantly
increase the activity of enzymes of the antioxidant system (Uchida
et al., 2002). H2O2 also alters the expression of stress response
genes in plants subjected to high salt concentrations, particularly
in root cells, in addition to increasing the activity of specific
enzymes (Miller et al., 2010). It is also important to note that
the changes triggered by ROS and NO are not restricted to the
tissues where these molecules were produced because addition of
NO and H2O2 to the roots reduced the physiological imbalances
caused by NaCl in leaves of Citrus plants (Tanou et al., 2009).
This process is possible due to mechanisms such as the ROS wave
and the transport of NO because both NO and GSNO have been
observed in vascular tissues of plants exposed to salinity stress
(Valderrama et al., 2007).
Another effect of NO and H2O2 in plants is the acquisition
of immunity against salinity. This process, known as priming,
describes the phenomenon in which plants previously subjected
to a particular stress factor accelerate and potentiate their defense
responses when subjected to that same stressor (Zhu, 2003; Zhang
et al., 2004; Molassiotis et al., 2010). In fact, plants treated
with low concentrations of NO and H2O2 had their metabolic
and physiological responses potentiated when exposed to salt
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stress. Likewise, NO-associated salt priming could be observed
in halophytes and glycophytes that have increased tolerance to
salinity when previously exposed to NO donors (Li et al., 2005).
These data show that NO and H2O2 are priming agents that
promote increased tolerance in the whole plant, minimizing the
deleterious effects of subsequent exposure to salinity.
As noted in this review, different abiotic stresses have the
same convergence point: they induce the production of ROS
and NO. Thus, although each type of stress has its own specific
characteristics, nearly all abiotic stressors alter the cellular redox
state, and therefore, the participation of antioxidants in the
plant response is essential. The activity and gene expression of
antioxidants are strongly influenced, directly or indirectly, by
changes in the concentrations of ROS and NO (Shao et al., 2008;
Shi et al., 2014). In addition to the well-established role of the
antioxidants in removing ROS, which has been discussed here,
these molecules are important in signaling, providing essential
information about the cellular redox status and influencing the
expression of defense genes against biotic and abiotic stresses
(Pastori et al., 2003; Foyer, 2005). Moreover, antioxidants are
also needed to interrupt the signal transduction cascades when
they are no longer needed, as is the case of glutaredoxin and
thioredoxin (Waszczak et al., 2015).
Temperature Stress
Temperature, in combination with water deficiency, is one of the
main abiotic factors that determine the survival and distribution
of species worldwide. There are several reports in the literature
indicating the adverse effects of high and low temperatures on
the molecular, biochemical, and physiological characteristics of
plants (Suzuki and Mittler, 2006). Although exposure to high and
low temperatures triggers very distinct metabolic disorders, there
is a common response between these two stressors: the increase
in ROS, which damages cellular structures (Figure 2) (Potters
et al., 2007; Zhou et al., 2012; Bita and Gerats, 2013). Similar to
other abiotic stresses, increased levels of ROS following extreme
temperatures appear to involve an imbalance between capturing
and processing energy (Hasanuzzaman et al., 2013). However,
over the past few years, several studies have shown that ROS and
RNS, especially the interaction between them, are essential for
acclimatization to high and low temperatures (Yu et al., 2014;
Hossain et al., 2015). In fact, plants treated with low doses of
NO and H2O2 perform better under conditions of thermal stress
(Neill et al., 2002; Uchida et al., 2002; Abat and Deswal, 2009;
Cantrel et al., 2011).
Exposure to high temperatures usually results in increased
production of NO, a response that is important for acclimation to
this type of stress (Leshem, 2000; Neill et al., 2003; Bouchard and
Yamasaki, 2008; Yu et al., 2014). Indeed, addition of exogenous
NO to plants subjected to high temperatures promotes the
activation of enzymatic and non-enzymatic defense systems
against ROS, reducing cellular damage (Song et al., 2006; Zhao
et al., 2009; Hasanuzzaman et al., 2013). In addition, treatment
with NO scavengers, such as cPTIO, reverses the beneficial effects
caused by NO, which further reinforces the importance of this
molecule in the tolerance to high temperatures (Song et al.,
2006). Similarly, accumulation of ROS, especially H2O2, has been
shown to be involved in signal transduction that culminates in
increased expression of heat shock genes, which encode proteins
that play critical roles in the maintenance of cellular homeostasis
in stressful conditions (Königshofer et al., 2008).
As observed in high temperatures, exposure to cold can
also promote a rapid increase in the endogenous levels of
NO and ROS (Zhao et al., 2009; Cantrel et al., 2011). The
increased production of NO in these conditions most likely
involves an increase in NR because the nia1nia2 mutants (NR-
defective double mutants) showed lower concentrations of NO
and increased susceptibility to cold stress (Cantrel et al., 2011).
Tolerance to low temperatures mediated by NO involves the
reprogramming of gene expression because it has been shown
that NO production, induced by NR, promotes the transcription
of the P5CS1 and ProDH genes, along with accumulation of
proline and an increased tolerance to cold (Zhao et al., 2009).
In addition to the effects mediated by NO, the role of H2O2
in cold acclimation has also been widely documented (Prasad
et al., 1994; Yu et al., 2003; Hung et al., 2007; Wang et al., 2010).
Several studies indicate that exogenous application of H2O2
reduces cellular damage caused by low temperatures, increasing
the survival rates (Neill et al., 2003). Again, this beneficial effect
of H2O2 appears to involve an increase in the effectiveness of
both the enzymatic (increased activity of the enzymes APX,
GPX, and CAT) and non-enzymatic antioxidant mechanisms
(increases in GSH levels; I˙seri et al., 2013; Wang et al., 2013). The
signaling cascade responsible for the attenuation of cold stress
involves, at least partially, transient increases in the cytosolic
Ca2+ concentration due to H2O2-mediated activation of Ca2+
channels in the plasma membrane (Knight et al., 1996). However,
although these results clearly indicate that ROS and NO are key
molecules in the tolerance to high and low temperatures, few
studies have focused on the molecular aspects and the signaling
cascades responsible for these processes.
INTERACTIONS BETWEEN ROS, NO,
AND OTHER SIGNALING MOLECULES
IN THE RESPONSE TO ABIOTIC STRESS
The signaling pathways that respond to environmental stresses
constitute intricate molecular networks that involve many other
components besides ROS and NO, such as calcium (Ca2+), cyclic
nucleotides, plant hormones, and mitogen-activated protein
kinases (MAPKs; Figure 2). The MAPK cascades, for example,
are activated by ROS, NO, and hormones, representing a
convergence point for these signaling molecules. MAPK signal
transduction involves a phosphorylation cascade comprising
MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK),
and finally, MAPK, which is activated after phosphorylations of
threonine and tyrosine residues in the conserved motif T-X-Y
(Rodriguez et al., 2010). The interaction between ROS, NO, and
MAPKs has been demonstrated in the plant response to various
stressors, such as heavy metals (Chmielowska-Bak et al., 2014),
drought (Wang et al., 2014), and osmotic stress (Xu et al., 2011).
In Arabidopsis, high levels of ROS, especially H2O2, induce the
transcription of the genes OXI1 (Rentel et al., 2004) and ANP1
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(Kotvun et al., 2000), which encode protein kinases required
for full activation of the MAPKs. NO acts simultaneously with
ROS in the activation of MAPKs, although the mechanisms
involved in this process are not completely understood. In
mammals, the activation of MAPK cascades by NO occurs
indirectly and involves an increase in the synthesis of cGMP
(Francis et al., 2010). It is possible that a similar mechanism
is present in plants because it has been demonstrated that NO
triggers the increases in the concentration of cyclic nucleotides
(Pasqualini et al., 2009). Once active, MAPKs can phosphorylate
many target molecules, both in the cytosol and in the nucleus,
including enzymes or transcription factors (Rodriguez et al.,
2010). The responses mediated by MAPKs involve induction
of antioxidative or pro-oxidative enzymes and may attenuate
or amplify the original signal triggered by ROS and NO (Asai
et al., 2008; Opdenakker et al., 2012). In addition, MAPKs
may also interfere in the signaling and in the biosynthesis
of hormones, leading to the activation of downstream stress
responses. The signal is interrupted by phosphatases, which
promote the dephosphorylation of MAPK (Opdenakker et al.,
2012).
Plant hormones are also critical messengers in plant
development and stress tolerance. The signaling cascades of most
hormones include interactions with ROS and NO, as is the case
of ABA, mentioned above, and auxin. Auxin is an essential plant
hormone that participates in various cellular processes. In certain
situations, auxin induces the synthesis of ROS and NO, which, in
turn, influence the hormone-mediated signaling (Joo et al., 2001;
Yadav et al., 2013). ROS accumulation in stressful situations can
trigger oxidative inactivation or degradation of auxin, as well as
a decrease in the expression of genes involved in its transport
and signaling, through specific MAPK cascades (Xia et al., 2015).
GSNO accumulation also compromises the polar transport of
auxin and reduces its effects via S-nitrosylation of components of
its signaling pathway (Shi et al., 2015). The attenuation of auxin
signaling leads to changes in plant growth and acclimatization
to new environmental conditions. In some cases, however, ROS
and NO can act as positive regulators of auxin (Woodward and
Bartel, 2005; Terrile et al., 2012). Another hormone involved in
the acclimation of plants to stress is salicylic acid (SA), which
is responsible for transcriptional reprogramming during the
defense against abiotic stress. The interaction between SA, ROS,
and NO is complex, with ROS and NO acting both upstream and
downstream of SA. NO and ROS induce the synthesis of SA, and
NO also activates transcription factors that initiate SA-dependent
gene expression by inducing the synthesis of various molecules,
such as pro-oxidants and antioxidants (Mur et al., 2013). The
synthesis of pro-oxidants and antioxidants during SA-mediated
signaling presents biphasic redox dynamics. In the first phase,
the oxidative phase, transient increases in ROS levels trigger
signaling events that are dependent on the cell redox state, and
this is followed by a reductive phase characterized by increased
antioxidants and decreased ROS (Herrera-Vásquez et al., 2015).
In addition to ABA, auxin, and SA, several other hormones, such
as ethylene, gibberellins, and brassinosteroids, interact with ROS
and NO in the process of acclimation to stress (Bartoli et al., 2013;
Xia et al., 2015). These hormones also interact with each other
and with other cellular messengers, such as Ca2+, and the final
response is dependent on the fine balance between all of these
components (Xia et al., 2015).
In animals, NO-mediated signaling is largely dependent on the
synthesis of cyclic nucleotides, especially cyclic GMP (cGMP).
In these organisms, NO binding to a soluble guanylate cyclase
increases the activity of this enzyme up to 200 times, with
a consequent increase in the formation of cGMP (Francis
et al., 2010). In plants, both NO and H2O2 increase the
concentration of cyclic nucleotides, which apparently involves
the binding of these molecules to enzymes with guanylate
cyclase activity (Dubovskaya et al., 2011; Mulaudzi et al., 2011).
In Chlamydomonas, an NO-dependent guanylate cyclase that
participates in the transcriptional repression of NR has been
identified, suggesting a model that integrates, among other
components, NO, cGMP and the nitrogen assimilation pathways
(de Montaigu et al., 2010). Two different types of responses
are associated with cGMP, depending on the time between
the perception of the stimulus and the peak in nucleotide
concentration: fast responses, which involve the modulation of
ion channels, such as Ca2+ channels; and long-term adaptive
responses, which result in changes in the transcriptome and in
the proteome (Pasqualini et al., 2009). In addition to increasing
the concentration of cGMP (Durner et al., 1998; Dubovskaya
et al., 2011), ROS and NO also promote nitration of this molecule,
changing its structure and function, and the stomatal closure is
one of the clearest examples of the interaction of NO, ROS, and
cGMP (Joudoi et al., 2013).
Ca2+ is a highly versatile signaling molecule that plays a
central role in the response to environmental stressors (Dodd
et al., 2010; Schulz et al., 2013; Chmielowska-Bak et al., 2014).
The exposure to stressors activates calcium channels, pumps and
transporters in the plasma membrane or in the membranes of
organelles, which results in the rapid influx of the cation into the
cytosol, increasing the concentration of cytosolic Ca2+. Transient
calcium levels in the cytosol are detected by calcium-binding
proteins such as calmodulin, Ca2+-dependent protein kinases
(CDPKs), phosphatases regulated by Ca2+ and by changes in
Ca2+ channels and pumps (Gilroy et al., 2014), and these
signals are then transmitted. One example is the Ca2+-permeable
channels in the plasma membrane, which are relatively inactive
under normal conditions but can be activated by ROS in the
guard cells in response to drought (Pei et al., 2000; Dodd et al.,
2010). Similar to ROS, NO synthesis is induced by Ca2+, and
it activates intracellular Ca2+-permeable channels and CDPKs
(Astier et al., 2010).
FUTURE PERSPECTIVES
It is widely recognized that ROS and NO interact with each
other and are key molecules in the plant response to various
types of abiotic stresses. Additionally, a large body of evidence
has shown that cellular redox signaling contributes to the
development of SAA in plants and, in some cases, priming, which
can involve other signaling networks, such as hormones and
MAPK cascades. However, although there has been significant
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progress in elucidating the interplay between ROS and NO, many
challenges remain. There is still little information, for example,
on the initiation of the signaling mediated by ROS and NO,
the mechanisms involved in the perception and the specificity
of the generated signal, and the control of the delicate balance
between production and scavenging of the reactive species.
Detailed studies investigating cross-talk regulation among ROS,
NO, hormones, cyclic nucleotides, MAPKs, and other signaling
molecules are needed to clarify how these molecules interact with
each other during different types of stresses.
Data obtained in recent years have shown that both ROS
and NO trigger post-translational modifications of proteins,
an important process for signal transduction. In fact, recent
research analyzed the impact of ROS and NO on the S-nitroso-
proteome, or redox proteome, of plants exposed to various
stressors. In addition to these studies, further biochemical
and functional characterizations of proteins that have been
post-translationally modified are needed to provide a more
comprehensive understanding of the effects of ROS and NO
at the molecular level. It is also necessary to evaluate in more
detail how these signaling molecules alter gene expression by
analyzing, for example, their possible involvement in epigenetic
processes. Finally, it is important to note here that many studies
examining ROS and NO signaling used exogenous sources of
NO or substances that induce the generation of H2O2. Despite
the clear relevance of these studies, it is important to analyze
ROS and NO naturally produced in response to the environment,
thus contributing to understanding the signaling process in
planta.
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